the zone at or just below the sediment-water interface (Davies et al., 1989) . It is also crucial to explore to which degree the accumulating dead remains in fact preserve the biological signal of their original living communities (Kidwell and Bosence, 1991; Kidwell, 2013; Tomašových and Kidwell, 2013) .
In modern environments, the amount of biological remains is high and, hence, quantifying biases and observing patterns which can then be applied to the fossil record proves more feasible (Kowalewski and LaBarbera, 2004; Ritter and Erthal, 2013a; Ritter et al., 2013) . Most information regarding taphonomic processes has been obtained from shallow marine environments (see Kidwell and Bosence, 1991 for a review), which exhibit higher abundance and greater diversity of species than freshwater habitats. Studies conducted in freshwater environments indicate that death assemblages may exhibit both high and low compositional fidelity as well as variable preservation (Briggs et al., 1990; Cummins, 1994; Kotzian and Simões, 2006; Martello et al., 2006; Newell et al., 2007; Nielsen et al., 2008; McGlue et al., 2010) . In fact, McGlue et al. (2010) noticed taphonomic differences between subenvironments within Lake Tanganyika (Africa) while similar results were also observed in rivers of Austria (Briggs et al., 1990) and Brazil . These remarks reflect the enormous variability of taphonomic signatures that can be found in freshwater systems and highlight the importance of scale factor in freshwater taphonomy.
Pampean environments of Argentina are characterized by low beta diversity in mollusk communities (Tietze and De Francesco, 2010) . Taphonomic studies recently conducted on mollusk assemblages from these environments indicate that live-dead agreement is expected for withinhabitat time-averaged samples, according to results obtained by modeling with neutral communities dynamics in Tomašových and Kidwell (2011) , due to the fact that most mollusk species are generalists and spatial mixing may have negligible effects on species along a wide range area. Yet, some differences in diversity of death assemblages among environments possibly due to variations in time-averaging, aspects of preservation or differential turn-over of species, were detected (Tietze and De Francesco, 2012 ).
In the Pampean plain, the low morphogenetic energy of the flat landscape combined with their occurrence in humid to sub-humid climates result in a variety of freshwater bodies (ponds, shallow lakes and marshes) (Geraldi et al., 2011) . These variations may result in dissimilarities in the preservational processes affecting carbonatic remains in the area. Hence, the understanding of preservational processes in Pampean freshwater environments requires knowledge of the heterogeneity to be expected among and within habitats. In the present contribution, we compared live/dead fidelity and shell preservation of three shallow lakes of the Pampean plain exhibiting differences in water quality and substrate. The aim of such work is to expand the knowledge of preservational processes acting on freshwater mollusks in pampean environments.
GEOLOGICAL SETTING
The study was conducted in three freshwater shallow lakes separated from each other by approximately 20 km:
Las Mostazas (LM; 37° 9′ 57″ S; 57° 14′ 50″ W), Los Carpinchos (LC; 37° 3′ 34″ S; 57° 19′ 56″ W) and Nahuel Rucá (NR; 37° 37′ 21″ S; 57° 25′ 42″ W) (Fig. 1) . The three lakes are located in the Southeastern Pampa plain, which is part of the depressed Pampa (Tricart, 1973) . These lakes are part of the modern geoformations of the area that originated under the arid or semi-arid conditions and cold temperatures that prevailed during the last glaciation and that were subsequently modified by the increase in temperature and humidity over the last 10,000 years (Zárate and Rabassa, 2005) . These shallow lakes are characterized by maximum depths of 3 m and by being naturally euthropic, with the calcium carbonate fraction of sediments ranging from 1 to 20% and an organic matter content lower than 15% (Fernández Cirelli and Miretzky, 2004; Diovisalvi et al., 2014) . The degree of salinity varies between oligohaline (0.5-5 gl -1 ) and mesohaline (5-15 gl -1 ). The salt concentration observed is caused by marine ingressions plus the sedimentary and climatic characteristics of Buenos Aires Province. The climate in the region, with warm summers and mild winters and an average annual precipitation of 1100 mm, is temperate humid or subhumid with an average annual temperature of 15 °C (Feijoó and Lombardo, 2007) . A large interannual variability in rains, ≈ 200 ml according to Scarpati and Capriolo (2013) (Diovisalvi et al., 2014) .
MATERIAL AND METHODS

Field methodology
Three pampean shallow lakes, which were sampled between 2010 and 2012, were selected because of their differences in conductivity (as a proxy of salinity). During the summer, LM became very muddy and, given that access to the sampling area was thus inhibited, only three seasons could be sampled in this lake. Data referring to NR were previously published in De Francesco (2012, 2014) . Five sites from each lake were seasonally sampled for live and dead mollusks, conductivity, pH, temperature, depth and dissolved oxygen. Besides, a water sample of the lake was seasonally secured in order to measure the concentration of major ions and, subsequently, chemically characterize the lake. All samplings were seasonally conducted so as to record annual variations in water characteristics and mollusk assemblages.
Mollusks were collected both manually (picked by hand) and with the aid of sieves (0.5 mm mesh size), using quadrants with sampling areas of 5 m 2 . According to Cummins (1994) and Martello et al. (2006) (Parkhurst and Appelo, 1999) .
Laboratory study
All live specimens, whole shells and fragments >2 mm in length were recovered, counted and identified, when possible to the species level, under stereoscopic microscope (10X). For all specimens, taphonomic damage was examined under a stereoscopic microscope at 10X magnification.
Seven taphonomic variables were scored: (1) fragmentation, (2) edge rounding of commissure and hinge line (for bivalves) and aperture (for gastropods), (3) loss of proteinaceous parts (periostracum, ligament and operculum), (4) fine-scale surface alteration (damage to shell surface resulting from some combination of dissolution, abrasion and microbioerosion), (5) articulation (only for bivalves), (6) encrustation (presence of periphyton and/or egg capsules) and (7) presence of deposits of ferruginous material. Each variable was represented by a proportional value that was defined by the sum of altered specimens relative to the total sum of specimens at a given site. Fragmentation was measured as the number of fragments divided by the sum of fragments and whole specimens. Complete shells were defined as those that preserved more than 95% of the original entire skeleton while fragmented shells comprised any piece of mollusk shell that had lost more than 5%. Edge rounding is referred to the smoothness of shell edges such as the commissures of bivalves and the apertures of gastropods: rounded or chipped. Given that dissolution, abrasion and microbioerosion contribute to produce the same alteration, the three processes were combined under a single variable referred to as "fine-scale surface alteration" (Best and Kidwell, 2000) and observed under low (10X) magnification. Fine-scale surface alteration was quantified in terms of the proportion of shells with 20% of their surface affected by this condition. Encrustation was computed as the proportion of shells covered with periphyton or eggs.
Data analysis
Fidelity analyses focused on composition and diversity (i.e., presence/absence of species and proportional abundances) between life (LAs) and death (DAs) assemblages at site (1 to 5) and environmental scales (lakes NR, LM and LC).
The following measurements were calculated based on absolute counts at each sampling site: (1) total number of shells (n), (2) relative abundance of species, (3) richness (S) and (4) because species richness and the diversity indices are highly sensitive to sample size (Gotelli and Colwell, 2010; Chao et al., 2014) . Differences between LAs and DAs at environmental scale in each diversity index were evaluated with two-sample permutation tests by means of Monte Carlo.
The accuracy to which DAs reflect the taxonomic composition of LAs was tested using the Jaccard-Chao index of taxonomic similarity (Chao et al., 2005) . Since modern communities contain fewer individuals than death assemblages, the Jaccard-Chao index, which consists of the proportion of shared species between LAs and DAs with a correction for unseen shared species, was used in order to correct discrepancies in sample sizes. The correlation between the rank abundance of LAs and DAs was tested using Spearman's rho (Kidwell, 2001) , which measures whether the most (or least) abundant species in LA are also the most (or least) abundant species in DA. Thus, while rho measures the correlation between the rank abundance of each species in LAs and their rank abundance in DAs, the Jaccard-Chao index measures the taxonomic similarity between both assemblages.
Uni-and multivariate methods were applied so as to evaluate taphonomic differences between lakes. Samples (Fay and Shaw, 2010) , "graphics" (Murrell, 2005) and "fossil" (Vavrek, 2011) were used. Richness varied between 2 and 6 species for LM, in which differences between LAs and DAs were detected (p= 0.01; 0.81; 0.21 for LM, LC and NR, respectively), as well as for LC while, in NR, its value was of 4-9 species (Fig. 3) .
RESULTS
Environmental variables
Differences in diversity (Shannon-Weiner index) between
LAs and DAs were also observed in LM (p= 0.03; 0.32, 0.14 for LM, LC and NR, respectively) ( 
Taphonomy
Only one sample from LC was excluded from the analysis because it had less than 10 individuals. Shells were mainly affected by the loss of proteinaceous parts, finescale surface alterations, fragmentation and roundness.
Taphonomic attributes proved greatly variable, higher between-lake than within-lake (NPMANOVA F= 15.36; p= The presence of proteinaceous parts was notably higher in LC than in LM and NR (p= 0.01 and 0.02, respectively). The proportion of rounded and fragmented shells proved significantly higher in NR, which was significantly different from LC and LM (p= 0.02 and p= <0.01, respectively, for both attributes).
DISCUSSION
Environmental variability
The three lakes exhibited subtle differences in some 
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TABLE 2 -Table of life (LAs) and death assemblages (DAs) composition of Las Mostazas (LM), Los Carpinchos (LC) and Nahuel Rucá (NR).
Life assemblages (LAs) Death assemblages (DAs) Las Mostazas (LM) Los Carpinchos (LC) Nahuel Rucá (NR) Las Mostazas (LM) Los Carpinchos (LC)
Nahuel
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column and interstitial water. Such analyses resulted in the observation that the carbonate saturation index was near equilibrium or slightly subsaturated in interstitial water, associated to more acidic pHs, while column water was marked by more alkaline and highly supersaturated as regards CaCO 3 (Cristini, 2016) . These results explain the reason why there is dissolution of carbonate remains deposited in the sediment-water interface when carbonate saturation indices in column water are saturated or supersaturated with respect to CaCO 3 .
The mollusks recorded in this study represent species commonly found in other Pampean environments (Tietze and De Francesco, 2010; Tietze et al., 2011) .
Even though
Heleobia parchappii is the dominant species of the entire aquatic malacofauna of the region De Francesco, 2010, 2012) , in the present study, the species was only dominant in NR. On the other hand, Biomphalaria peregrina, a pulmonate species strongly related with an aquatic vege- tation cover (Rumi, 1991; Tietze and De Francesco, 2010) ,
was dominant in nearly all sites from LM, which can be ex- 
Compositional fidelity of life and death assemblages
The low richness recorded in communities of LM may be related to the rather higher values of conductivity, pH and hardness detected for the area. Although average values are relatively similar among the three lakes, subtle differences become crucial in periods of drought (these lakes are naturally exposed to episodes of drought and flooding over seasons and years). In fact, during drought periods, lakes are subject to strong evaporation and the consequent substantial increase of ionic concentration that, in the case of values above 5 mS cm -1 , surpasses the tolerance of many freshwater mollusks. Therefore, the species composition of such environments may be variable, with colonization and local disappearances of stenohaline species highly depending on oscillating water characteristics. In other words, the particular hydrochemical characteristics of LM may behave as 219 a natural barrier for the establishment of stenohaline species. Hassan et al. (2012) noted that the same two snail species that inhabited this lake (Heleobia parchappii and Biomphalaria peregrina) were also recorded from brackish lakes characterized by highly alkaline (pH 9.5-10.5) and very hard (120-1874 mg l -1 CaCO 3 ) waters from the semiarid Pampean region of Argentina. Such observation reinforces the hypothesis that these two species are more tolerant to high ionic concentrations than other freshwater mollusks.
The adverse conditions of LM for the development of given by the occurrence of species that would have inhabited the lake in moments when the environment was suitable for them but cannot live under the present conditions. Because of time averaging, these species may still be recorded as included in the DAs. The major directionality of shell preservation and time averaging appears to be deeply related with the sediment type (e.g., Kidwell et al., 2005; Korpanty and Kelley, 2014) but also depend on geochemical features (Canfield and Raiswell, 1991; Best and Kidwell, 2000; Parsons-Hubbard, 2005; Best et al., 2007; Cherns et al., 2008 Cherns et al., , 2011 and time of exposure within the Taphonomically Active Zone (TAZ) (Olszewski, 2004; Ritter and Erthal, 2013b) . It is a fact that the preservation potential of mollusks in hard water is higher than in freshwater mainly because the former is saturated with respect to calcium carbonate (Hagan et al., 1998 Fungi, algae and bacteria have been proposed as responsible for the dissolution of shells in freshwater settings (Hagan et al., 1998) . A higher destruction rate in LC and NR, limiting shell accumulation and time averaging, may be expected. Kidwell (2002) pointed out that a given DA is dominated by recent input because, after death, shells "decay"
randomly at a constant albeit exponential rate while dead mollusk shells are usually far more abundant than living individuals. Thus, the fluctuation in number of shells in sediments from NR and LC throughout the years can be best described as a balance between the rate of production and the rate of death and subsequent loss.
Taphonomy
Shell preservation varied among lakes. Between-lake variability was higher than within-lake variability, which may be consequence of the different species dominating DAs. In fact, the best state of preservation, especially the low rates of loss of proteinaceous parts, was recorded in LC, a lake dominated by Uncancylus concentricus, a species that is more prone to be destroyed due to its thin shell. The presence of well-preserved U. concentricus shells in DAs may be explained in terms of the fact that they constitute recently dead remains; i.e., shells that span very low residence time in the TAZ. Such explanation is consistent with previous findings regarding fidelity (discussed in the previous paragraph) that suggest this lake (and NR) is subject to high destruction rate and might thus be marked by a lower time averaging than that of LM. These results also support preliminary conclusions drawn in other studies conducted in
Argentinean and Brazilian freshwater systems in which significant differences in preservation between thin-and thickshelled species were recorded (Erthal et al., 2011; Tietze and De Francesco, 2014) . In fact, intrinsic factors related to shell of freshwater mollusks than for that of marine shells (Erthal et al., 2011; Kosnik et al., 2011) , even at a local scale (Tietze and De Francesco, 2014) .
NR shells presented poor preservation, evidenced by higher values of roundness and fragmentation, akin to that of LC. Fragmentation is an attribute of difficult interpretation for it may be caused by chemical (e.g., dissolution), physical (e.g., wind effect, currents) and/or biological (e.g., predation) processes (Zuschin et al., 2003) . It should be noted that, in the freshwater systems herein discussed, this variable also responds to dissolution turning shells into fragile bioclasts. In a previous taphonomic study conducted along the Touro Passo River (Brazil), some unionid bivalve shells were recovered completely disintegrated, and the integrity of shells only kept by the periostracum . All in all, the more destructive sedimentary environment of NR may be responsible for the poor preservation of shells in DAs. The difference with the preservation of shells in the DAs from LC may respond to the fact that, in NR, DAs are dominated by H. parchappii, a more robust species than U. concentricus, which may remain for a longer period in the TAZ during decay.
LM shells proved well preserved when compared with shells from LC and NR. Indeed, the fact that only the shells collected from LM exhibited incrustations, a taphonomic variable associated with time of exposure at the sedimentwater interface, is consistent with the previous interpretations based on LA/DA comparisons that indicate a better preservation in this lake. Additionally, the relatively greater thickness of shells recovered from this lake may contribute to such pattern. In previous studies De Francesco, 2012, 2014) , the presence of incrustations was linked to a higher frequency of thick-shelled species that also suggested a dependence of these attributes on the time of exposure of a shell at the sediment-water interface.
CONCLUSIONS
The three lakes studied in the present contribution presented differences in shell richness, compositional fidelity and taphonomic alteration. The lowest richness was recorded in the lake with the highest values of conductivity, hardness and saturation index of carbonates. Moreover, this lake was proved the only one in which the number of species was higher in DAs than in LAs, therefore indicating a higher residence time in the taphonomically active zone and consequently suggesting better preservation conditions. On the other hand, the lakes with lower values of conductivity, hardness and saturation index of carbonates displayed a lower number of species in DAs than in LAs.
Furthermore, the few shells recorded in DAs corresponded to recently dead specimens. These results suggest that shell preservation is more affected herein than in the aforementioned lake. Even though the lakes are close to each other and of similar shape and depth, the differences in the water characteristics that mark them may affect shell preservation and thus give rise to diverse fossil assemblages.
